Which is better to preserve pulmonary function: Short-term or prolonged leukocyte depletion during cardiopulmonary bypass?  by Tao, Kaiyu et al.
Tao et al Perioperative ManagementWhich is better to preserve pulmonary function: Short-term or
prolonged leukocyte depletion during cardiopulmonary bypass?
Kaiyu Tao, MD,a,* Qi An, MD,a,* Ke Lin, MD,a Raphael C. Lui, MD, FACS,a Xiaodong Wu, MS,b
Jing Zhou, MS,c and Lei Du, MDb
Objectives: Neutrophils are crucial in the development of acute lung injuries during cardiopulmonary bypass.
However, the efficacy of leukocyte depletion on pulmonary protection remains controversial, possibly owing
to different filtration strategies used in the literature. In this study, we investigated whether short-term leukocyte
depletion strategy is more efficacious than prolonged leukocyte depletion in preserving pulmonary function.
Methods: Eighteen adult dogs were randomized equally into 3 groups. Leukocyte-depleting filters were used for
10 minutes in the LD-S group, throughout cardiopulmonary bypass in the LD-T group, and not used in the control
group. Neutrophil counts, elastase, and interleukin-8 concentrations in plasma, myeloperoxidase and interleukin-
8 concentrations in pulmonary tissue, and pulmonary vascular resistance and oxygen index were determined to
evaluate the inflammatory response and damage to pulmonary function.
Results: Although the neutrophil count and pulmonary parenchymal myeloperoxidase contents were signifi-
cantly lower in both LD-S and LD-T groups than that in the control group, lower pulmonary parenchymal inter-
leukin-8 level, lower pulmonary vascular resistance (113  33 dyne $ s/cm5), higher oxygen index (366  82.3
mm Hg), and thinner alveolus wall thickness were seen only in the LD-S group, and the pulmonary parenchymal
interleukin-8 levels were also lower in the LD-S group after cardiopulmonary bypass. The plasma elastase
and interleukin-8 levels were significantly lower in the LD-S group, but they were significantly higher in the
LD-T group compared with the control group after cardiopulmonary bypass.
Conclusions: Short-term rather than prolonged leukocyte depletion during cardiopulmonary bypass appears to be
more efficacious in protecting pulmonary function via attenuation of the extracorporeal circulation–induced
inflammatory response. (J Thorac Cardiovasc Surg 2009;138:1385-91)P
MAcute lung injury (ALI) is common after cardiopulmonary
bypass (CPB), frequently causing prolonged intensive care
unit and hospital stay.1 It is believed that neutrophil seques-
tration in the pulmonary microcirculation with subsequent
activation and release of proinflammatory cytokines, prote-
ases, and oxygen-derived free radicals play a crucial role
in CPB-induced ALI.2 It is therefore rational to speculate
that leukocyte depletion will be effective in attenuating
CPB-induced ALI. However, depending on the strategy
and extent of leukocyte depletion, the results were contro-
versial.3-7 Although the depletion filter effectively removed
the leukocytes from the circulation, it did not inhibit the
activation of the leukocytes trapped in the filter membrane,8
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other proinflammatory factors with subsequent magnifica-
tion of the inflammatory process resulting in ALI. Therefore,
leukocyte-depleting strategies,6,9 especially the duration
of depletion, may be critical for attenuation of inflammation
and organ protection.10 In the present study, we investigated
whether short-term leukocyte depletion was more
efficacious than prolonged depletion during CPB in attenu-
ating systemic inflammatory response and thus preserving
pulmonary function.
MATERIALS AND METHOD
Animals, Surgical Technique, and CPB
The study was approved by the hospital animal ethics committee and all
animals in the study received humane care in compliancewith the ‘‘Guide for
the Care and Use of Laboratory Animals.’’ Eighteen healthy adult mongrel
male dogs, weighing from17.5 to 25.0 kg,were provided byTheAnimal Ex-
periment Center of Sichuan University. Anesthesia was administered by in-
traperitoneal injection of sodium pentobarbital (25 mg/kg) and maintained
with intravenous injection of midazolam (0.05 mg $ kg1 $ min1), fentanyl
citrate (0.02 mg $ kg1 $ min1), and pipecuronium bromide (0.02–0.04 mg
$ kg1 $ h1). After intubation with a 7.5F endotracheal tube, each dog was
mechanically ventilated (Datex-Ohmeda Excel 210; Soma Technology,
Cheshire, Conn) with a tidal volume of 15 mL/kg,11 fraction of inspired
oxygen of 0.5, and a respiratory rate of 12 breaths/min. Arterial blood
gases were determined by i-STAT portable clinical analyzer (i-STAT
Corporation, Cranbury, NJ) every hour. Carbon dioxide tension wasardiovascular Surgery c Volume 138, Number 6 1385
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MAbbreviations and Acronyms
ALI ¼ acute lung injury
CPB ¼ cardiopulmonary bypass
ELISA ¼ enzyme-linked immunosorbent assay
IL-8 ¼ interleukin 8
MPO ¼ myeloperoxidase
NE ¼ neutrophil elastase
PVR ¼ pulmonary vascular resistance
maintained between 30 and 40mmHg throughout the experiment by adjust-
ing the respiratory rate, and pH was maintained between 7.35 and 7.45 by
intravenous injection of sodium bicarbonate. The left femoral vein and right
femoral artery were catheterized for blood sample withdrawal and monitor-
ing of arterial pressure (Philips M1026; Philips Electronics North America
Corporation, Andover, Mass). A pulmonary artery flow-directed catheter
was placed through the right external jugular vein for determination of car-
diac output (Abbott Critical Care Systems, Chicago, Ill) by the thermal di-
lution method. An esophageal temperature probe was inserted to measure
core temperature. The electrocardiogram was continuously monitored
throughout the experiment (Philips M1026).
The heart was exposed by amedian sternotomy.After systemic hepariniza-
tion (3 mg/kg), an 18F aortic cannula was inserted into the distal ascending
aorta and a30Fvenous cannula into the right atrium tocompleteCPBcircuitry.
The CPB circuitry included a bubble oxygenator (95 type; Xi-Jing Medical
Ltd, Xi’an, China), a regular arterial filter (pore size 40 mm; Xi-Jing Medical
Ltd), a roller pump (Sto¨ckert II, Munich, Germany), and connection tubings.
The pump was primed with Ringer lactate solution (750 mL), 6% sodium
chloride (Voluven; 750 mL), heparin (20 mg), and 5% sodium bicarbonate
(50 mL). The activated coagulation time was maintained over 480 seconds
throughout perfusion. The flow rate of CPB was maintained at 60 to 80 mL
$ kg1 $ min1 and mean arterial pressure between 50 and 80 mm Hg. After
10 minutes of stable CPB, the heart was arrested at a body temperature of
32 C for 60 minutes by hyperkalemic cold blood cardioplegic solution (30
mL/kg, 4 parts blood/1 part crystalloid cardioplegic solution; potassium con-
centration: 20 mmol/L), then reperfused for 30 minutes before weaning from
CPB. Postoperatively, the dogs were observed for 24 hours under anesthesia
and controlled ventilation before they were humanely killed with an intrave-
nous bolus injection of sodium pentobarbital (120 mg/kg).
Protocol
The dogs were equally randomized into 3 groups according to
a computer-generated random number (n ¼ 6 in each group). In the LD-T
group, the leukocyte depletion filter (Heart-Care System; Separator
Haemo-Technology Beijing Co Ltd, Beijing, China) was incorporated in
the CPB circuitry between the arterial and venous lines throughout CPB.
In the LD-S group, the filter was incorporated in the CPB circuitry for
only 10 minutes after the initiation of CPB. There was no leukocyte filter
in the control group. At the end of CPB, only the skin but not the sternum
was closed to allow for the subsequent repeated lung biopsy specimens to be
obtained. The surgeons, anesthesiologists, pathologists, and laboratory staff
were blinded until the data were all collected.
Neutrophil Counts and Plasma Neutrophil Elastase
and Interleukin-8 Levels
So that the efficacy of leukocyte depletion could be assessed, blood sam-
ples were collected from the femoral vein for analysis of the neutrophils by
a hematology automated analyzer (Sysmex XE-2100; Sysmex Corporation,
Nishi-ku, Japan) within 2 hours from the time of collection. Plasma concen-
tration of interleukin-8 (IL-8) and neutrophil elastase (NE) were quantified.1386 The Journal of Thoracic and Cardiovascular SHeparinized blood samples were collected from the femoral vein before, at
the end of, and 3, 6, 12, and 24 hours after termination of CPB. The samples
were immediately centrifuged with 1500 rpm for 15 minutes at 4 C (Bio-
fuge Stratos, Heraeus, Germany), and the plasma was then removed to an-
other tube and stored at80 C. The IL-8 levels were determined by two-site
sandwich enzyme-linked immunosorbent assay (ELISA) developed by
Bionewtrans Pharmaceutical Biotechnology Co, Ltd. (Franklin, Mass),
according to the manufacturer’s instruction.
Leukocyte Sequestration and Inflammatory Factors
in Lung Tissue
Lung tissue portions (0.5 mg each) were harvested from the right upper,
middle, and lower lobes and from the left upper and lower lobes of the lung
before, at the end of, and 3, 6, 12, and 24 hours after the initiation ofCPB.The
samples were immediately stored in liquid nitrogen until ready to be ana-
lyzed. For analysis, the samples were homogenized and dissolved in 1 mL
potassiumphosphate. The tubewith 1mLpotassiumphosphatewasweighed
before and after dissolving the tissue. The supernatant was collected in phos-
phate buffer after centrifugation (1500 rpm for 15 minutes at 4C).
The concentrations of myeloperoxidase (MPO) and IL-8 in the
supernatant were determined by ELISA, and the real concentration of these
factors in the lung tissues was calculated with the following equation:
Creal ¼ CELISA31 mL/tissue weight (Creal, real concentration in pulmonary
tissue; CELISA, concentration in supernatant determined by ELISA; tissue
weight, weight of tissue dissolved in 1 mL of potassium phosphate).
Hemodynamics and Respiratory Function
The hemodynamic data were collected and arterial blood gases were
analyzed before, at the end of, and 3, 6, 12, and 24 hours after the termina-
tion of CPB. Pulmonary vascular resistance (PVR) was measured to esti-
mate pulmonary vascular status by the Abbott Critical Care Systems.
Respiratory function was evaluated by oxygen index by the following
formula:
OI ¼ Pao2=Fio2
whereOI¼ oxygen index, PaO2¼ arterial oxygen pressure, and FIO2¼ fraction
of inspired oxygen.
Pathologic Examination
The lung tissue samples, about 0.5 mg each, were harvested from the
right upper, middle, and lower lobes, as well as from the left upper and lower
lobes, within 24 hours after CPB. The samples were stained within 24 hours
with hematoxylin and eosin. The portion of the pulmonary parenchyma 100
mm away from the cut margin was examined under a light microscope. The
thickest portion of every alveolar wall in five different visual fields was
recorded for evaluation of the alveolar wall thickness in a slide.
Statistical Analysis
Blood cell counts, the cytokines, and postoperative observational data
were expressed as means SD. The data were analyzedwith 1-way analysis
of variance with Student–Newman–Keuls test by the SPSS for Windows
V15.1 statistical software (SPSS, Inc, Chicago, Ill).
RESULTS
Both Leukocyte Removal Strategies Effectively
Reduced Neutrophil Counts
The neutrophil count was similar among the 3
groups before leukocyte depletion. After 10 minutes of leu-
kocyte depletion on CPB, the circulating neutrophils
decreased significantly to 1.23  0.1683109/L in theurgery c December 2009
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MLD-T group (baseline, 4.02  1.523109/L; P< .001) and
1.05  0.2253109/L in the LD-S group (baseline, 4.9 
1.73109/L;P<.001), whichwere significantly lower counts
than that in the control group (4.06  2.43109/L; P ¼ .003,
Figure 1). The neutrophil count increased in all 3 groups after
CPB. Compared with the control group, the neutrophil
countswere significantly lower in the LD-T andLD-S groups
before aortic unclamping (75 minutes during CPB), at the
end of CPB, and even 3 hours after CPB. However, the
neutrophil counts were similar in the 2 leukocyte depletion
groups during and after CPB (P> .05).
The Influence of Different Leukocyte Depletion
Strategies on Pulmonary Function
PVR was measured to estimate pulmonary vessel status.
Figure 2, A, shows that the PVRs in the LD-S group (73 
21.6, 215  69, 204  44.7, 124  38, and 113  33 dyn
$ s/cm5, respectively) were significantly lower than those
in the control group (215  80.9, 337  155, 383  105,
228  76.8, and 223  26.7 dyn $ s/cm5, respectively)
and the LD-T group (164  107.9, 321  123.6, 283 
81.8, 262 104.4, and 314 151 dyn $ s/cm5, respectively)
at the end of and 3, 6, 12, and 24 hours after CPB. However,
the PVR in the LD-T group (314  151 dyn $ s/cm5) was
significantly higher than that in the control group (223 
26.7 dyn $ s/cm5) at 24 hours after CPB. In the present study,
the oxygen index was determined to estimate the status of
respiratory function. The oxygen indexes of 3 groups de-The Journal of Thoracic and Ccreased significantly, but no significant differences were
noticed among the 3 groups throughout the study until
24 hours after CPB, when the oxygen index in the LD-S
group (366  82.3 mm Hg) was significantly higher than
that in the LD-T group (204 79.2 mmHg) at 24 hours after
CPB (P ¼ .021, Figure 2, B).
The Impact of Different Leukocyte Depletion
Strategies on the Plasma Inflammatory Mediators
Although the leukocyte filter significantly reduced
circulating neutrophils, the concentration of NE, a marker
of neutrophil activation, was significantly higher in the
LD-T group than that in the control group after CPB
(P< .01). However, it was lower in the LD-S group than
in the control group at 3 and 6 hours after CPB (P< .05,
Figure 3, A). Figure 3, B, showed the plasma concentrations
of IL-8 in the 3 groups. Similarly, the IL-8 levels in the LD-T
group were significantly higher than those in the control
group at the end of and 3 and 6 hours after CPB (P< .05).
It was also higher than that in the LD-S group at the end
of and 3 and 6 hours after CPB (P< .01). There was no dif-
ference between the IL-8 concentrations of the LD-S group
and the control group throughout the study.
Only Short-Term Leukocyte Depletion Attenuates
Pulmonary Inflammation
The concentration of MPO in pulmonary tissue was
determined for evaluating the sequestration of neutrophilsPFIGURE 1. Mean neutrophil counts of the 3 groups. No difference of neutrophil counts was observed among the 3 groups before filtration (3 minutes of
CPB). The counts were significantly lower in the LD-T and LD-S group compared with the control group (P¼ .003 and P¼ .002, respectively) at 13 minutes
of CPB. The neutrophil counts in the LD-T and LD-S groups were less than in the control group until 3 hours after CPB. There was no difference between the
LD-T and LD-S groups. LD-T group, The leukocyte depletion filter was used from 3minutes to the end of CPB; LD-S group, the leukocyte depletion filter was
used from 3 minutes to 13 minutes of CPB; control group, no leukocyte depletion filter was used; CPB, cardiopulmonary bypass. *P<.05; **P<.01 versus
control.ardiovascular Surgery c Volume 138, Number 6 1387
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MFIGURE2. The respiratory status of the 3 groups. A, Themean PVR in the LD-S groupwas significantly lower than that in the control group and LD-T group
at the end of and 3, 6, 12, and 24 hours after CPB (P< .05, respectively), but the PVR in the LD-T group at 24 hours after CPB (P< .05) was significantly
higher than that in the control group. B, Oxygen index in the LD-S group was significantly higher than that in the LD-T group at 24 hours after CPB
(P ¼ .048). LD-T group, The leukocyte depletion filter was used from 3 minutes to the end of CPB; LD-S group, the leukocyte depletion filter was used
from 3 minutes to 13 minutes of CPB; control group, no leukocyte depletion filter was used; CPB, cardiopulmonary bypass; PVR, pulmonary vascular
resistance; PaO2, arterial oxygen tension; FiO2, fraction of inspired oxygen. *P< .05 versus control group; #P< .01 versus LD-T group.in the lungs. Figure 3, C, shows that the concentrations of
MPO in the LD-T and LD-S groups were lower than that
in the control group from the end of CPB until 6 hours after
CPB. Interestingly, the concentration of MPO in the LD-T
group increased at 24 hours after CPB, and it was signifi-
cantly higher than that in the control and LD-S groups.
The pulmonary tissue concentration of IL-8 in the LD-S
group was significantly lower than that in the LD-T group
from the end of CPB until 24 hours after CPB (P< .01),
and it was also significantly lower than that in the control
group from the end of CPB until 6 hours after CPB
(P< .01, Figure 3, D).
The Impact of Different Leukocyte Depletion
Strategies on Alveolar Wall
The pulmonary tissue was examined under a light
microscope with a 4003 magnification factor. The average
alveolar wall thickness in the control group (10.2  3.11388 The Journal of Thoracic and Cardiovascular Smm) and LD-T group (9.7  3.0 mm) was significantly
thicker than that in the LD-S group (6.5  2.3 mm; P<
.001) at 24 hours after CPB, whereas no significant differ-
ence was noticed between the LD-T and control groups
(P ¼ .56, Figure 4).
DISCUSSION
CPB, although an essential tool for cardiac surgery,
often causes ALI, even adult respiratory distress syndrome
postoperatively,12 with mortalities that can be as high as
53%.13 It has been reported that leukocytes play an impor-
tant role in the occurrence of ALI.14 Therefore, it is rational
to speculate that leukocyte depletion during CPB should re-
duce the incidence and extent of ALI. However, the efficacy
of leukocyte depletion to attenuate CPB-induced ALI is
conflicting.3-7
In our study, the neutrophil removal rate for short-term
depletion was 74.33% when compared with that beforeurgery c December 2009
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P
MFIGURE 3. The plasma mediators and mediators in lung tissue of the 3 groups. A, The concentration of neutrophil elastase in the LD-T group was
significantly higher than that in the control group at the end of and 3 and 6 hours after CPB (P<.01). The concentration of neutrophils elastase in the control
group was significantly higher than that in the LD-S group at 3 hours (P<.01) and 6 hours (P<.01) after CPB. B, The plasma IL-8 levels in the LD-T group
was significantly higher than those in the control group and LD-S group at the end of CPB (P<.01) and 3 hours (P<.01) and 6 hours (P<.01) after CPB. No
difference between the control and LD-S group was noticed. C, The concentrations of MPO in the 2 depleting groups were lower than that in the control group
at the end of CPB (P¼ .041, P¼ .037) and 3 hours (P<.01) and 6 hours after CPB (P<.01). The concentration of MPO in the LD-T group was significantly
higher than that in the control group and LD-S group at 24 hours after CPB (P< .01). D, The concentration of IL-8 in lung tissue in the LD-S group was
significantly lower than that in the control group at the end of CPB (P< .01) and 3 hours (P< .01) and 6 hours after CPB (P< .01). It was significantly
lower than that in the LD-T group at the end of CPB and 3, 6, 12, and 24 hours after CPB (P< .01). LD-T group, The leukocyte depletion filter was
used from 3minutes to the end of CPB; LD-S group, the leukocyte depletion filter was used from 3minutes to 13 minutes of CPB; control group, no leukocyte
depletion filter was used; CPB, cardiopulmonary bypass; IL-8, interleukin 8; MPO, myeloperoxidase. *P< .05; **P< .01 versus control group; #P< .01
versus LD-T group.filtration, and there was a reduction of 74.14% neutrophils
when compared with the control group after 10 minutes of
filtration was used. The figures were much higher than those
reported by other researchers.7,15 We observed that the neu-
trophil count in the circulation was similar in the 2 leukocyte
depletion groups (P¼ .582) and remained so until the end of
the study (24 hours after CPB). These results suggested that
short-term depletion was as technically feasible as the pro-
longed depletion strategy. We also observed that in our
study the PVR in the short-term depletion group, a value
that correlates with pulmonary vascular tone and pulmonary
endothelial function after CPB,16 was significantly lower
than that in the control and LD-T groups after CPB. The ox-
ygen index in the LD-S group was also significantly higher
than those in the control and LD-T groups at 24 hours after
CPB. All together, these findings suggested that the dogs in
the LD-S group exhibited better pulmonary function than the
dogs in the LD-T group. To explain these results, we hypoth-
esized that leukocyte depletion strategy may play a crucial
role for pulmonary protection.The Journal of Thoracic and CMost studies in the literature on this subject used leukocyte
depletion for the entire course of CPB, with results that were
not very satisfactory.3,5,8 We speculated that the unsatisfac-
tory results may be due to the following 3 reasons. First,
the efficiency of leukocyte reduction reported by several
other investigators was quite low, only 17.6% to 45%.7,15
Second, Ilmakunnas and colleagues17 found that neutrophil
CD11b expression was actually increased by the leukocyte
filter, with the implication that leukocyte filtration actually
increased the activation of neutrophils, with ensuing magni-
fication of the inflammatory response. Third, in vitro studies
have shown that the highest leukocyte removal rate occurs
during the first 15 minutes of CPB,18 followed by a gradual
decline with time. In other words, after the first 15 minutes,
the leukocyte depletion filter became less and less efficient
in removing leukocytes, but becamemore andmore of a focus
of activation of the trapped neutrophils with magnification of
the inflammatory process.
In this study, we assessed the levels of inflammatory
mediators, namely NE and IL-8, in circulation. NE, whichardiovascular Surgery c Volume 138, Number 6 1389
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MFIGURE 4. Pathologic examination of lung tissue. A, The pulmonary tissue in the 3 groups stained with hematoxylin and eosin examined under a light
microscope at 3400 magnification. B, The alveolar walls in the control group and LD-T group were significantly thicker than that in the LD-S group at
24 hours after CPB. LD-T group, The leukocyte depletion filter was used from 3 minutes to the end of CPB; LD-S group, the leukocyte depletion filter
was used from 3 minutes to 13 minutes of CPB; control group, no leukocyte depletion filter was inserted in the circuit; CPB, cardiopulmonary bypass.
*P< .001 versus control group; #P< .001versus LD-T group.was the marker of activation of neutrophils19 and was also
one of several most important proteinases among various in-
flammatory mediators released during and after CPB, was
significantly higher in the LD-T group than in the LD-S
and control groups. Even up until 6 hours after CPB, the
result was consistent with what Mihaljevic and associates20
had previously found. It suggested the possibility of a more
extensive activation of neutrophils in the LD-T group caused
by prolonged blood and filter contact, with continuous
activation and release of inflammatory mediators by the trap-
ped neutrophils during the entire course of CPB. Similarly,
we also assessed the circulating levels of IL-8, a member
of the CXC chemokine family known to function as an acti-
vator and chemoattractant to cause infiltration and degranu-
lation of neutrophils21 and associated with numerous acute
and chronic inflammatory disorders.22 The different IL-8
levels in the 3 groups again suggested that prolonged leuko-
cyte filtration caused more severe inflammatory response
than short-term filtration.
Pulmonary tissue is the target of the activated neutrophils
and cytokines when it was reperfused; therefore, the levels
of these activated neutrophils and cytokines in the lung
tissue should be correlated directly with the degree of
CPB-induced inflammatory response and, by further infer-
ence, the efficacy of various leukocyte depletion strategies
on attenuation of ALI. In this study, the concentrations of
MPO and IL-8 in the pulmonary tissue were measured dur-
ing and after CPB. MPO is the marker of degranulation of
neutrophils in plasma and also the marker of recruitment1390 The Journal of Thoracic and Cardiovascular Suof neutrophils in tissue.23 A correlation between neutrophil
degranulation and systemic organ failure after CPB has
been reported.24 The results in our study showed that fewer
neutrophils were sequestrated in the pulmonary tissue in the
LD-S group than in the LD-T group. The thickness of alve-
olar wall, an indication of the degree of inflammatory
response, was significantly thinner in the LD-S group than
in the LD-T and control groups, again suggesting a lesser
degree of inflammatory response in the LD-S group. It
was interesting to note that while the circulating neutrophil
counts in both the LD-S and LD-T groups during and at
the end of CPB were more or less the same, the extent of in-
flammatory response in the plasma and lung tissue was
vastly different. Thus circulating neutrophil count was not
a reliable indicator for the degree of inflammatory response.
It might explain the fact that with similar extents of leuko-
cyte depletion, varying degrees of pulmonary protection
have been observed by different investigators.
In conclusion, our study showed that both the short-term
and prolonged leukocyte depletion strategies effectively
reduced the circulating neutrophil count. However, short-
term leukocyte depletion appeared more effective in pre-
serving pulmonary function. We speculate that the
prolonged leukocyte-depletion strategy allows the filter to
remain in the circuit with the trapped and activated neutro-
phils to continuously release injurious inflammatory
mediators to the circulation and eventually to the reper-
fused lung tissue, causing much more inflammatory re-
sponse and ALI.rgery c December 2009
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